Background: ER aminopeptidases generate antigenic peptides, but how they recognize their substrates is unclear. Results: We solved crystal structures of ERAP2 in complex with a substrate analogue and a peptide product. Conclusion: The peptides were found trapped inside a large cavity adjacent to the catalytic site. Significance: Interactions of the substrate with the internal cavity can result in both substrate permissiveness and limited sequence bias.
Antigenic peptides presented to immune cells by MHC class I molecules are generated by proteolysis of intracellular proteins (1, 2) . A key step in MHC class I peptide optimization is the trimming of N-terminally extended precursors of mature epitopes inside the ER 3 by specialized aminopeptidases such as ER aminopeptidase 1 (ERAP1) and ER aminopeptidase 2 (ERAP2) (3) . These enzymes can both generate the correctlength antigenic epitopes as well as destroy them by over-trimming and in this context can regulate the antigenic peptide repertoire, influence cytotoxic immune responses, and help shape epitope immunodominance.
ERAP1 and ERAP2 are highly homologous (50% sequence identity), ER-resident zinc aminopeptidases that along with insulin-regulated aminopeptidase (IRAP) belong to the oxytocinase subfamily of M1-aminopeptidases (4) . Of the two, the best studied to date is ERAP1, whose importance for maintaining robust immune responses has been established in several in vitro and in vivo models (5) . ERAP2 has been studied to a lesser degree in part because it lacks a homologue in the mouse hampering in vivo studies. ERAP2 has been shown to be able to complement ERAP1-mediated trimming of precursor peptides acting in a concerted manner (6, 7) . Accordingly, ERAP2 displays specificity for the N terminus of peptides that is complementary to that of ERAP1 (8, 9) . It has been proposed that ERAP1 and ERAP2 form a functional dimer in the ER that optimizes peptide processing (6) .
ERAP1 and to a lesser degree ERAP2 are polymorphic. Coding single nucleotide polymorphisms in these enzymes have been repeatedly associated with predisposition to major human diseases (5, 10, 11) . Particular ERAP1 and ERAP2 haplotypes have been associated with disease often in epistasis with specific MHC alleles and shown to functionally affect antigen processing in model systems (12) (13) (14) (15) (16) (17) . Two common ERAP2 single nucleotide polymorphisms have been linked with resistance to HIV infection, potentially as a result of balancing selection through host-pathogen interactions (18, 19) .
Both ERAP1 and ERAP2 are expected to encounter a highly variable collection of peptide substrates inside the ER. These peptides are initially generated by protein proteolysis in the cytosol and then transported into the ER by the specialized, ATP-dependent, transporter associated with antigen processing (TAP). Many of these peptides are N-terminally extended versions of final antigenic epitopes and need to be processed to generate the mature epitopes (20) . Alternatively, over-trimming of ER peptides may result in products too small to bind onto MHC class I, effectively destroying potential epitopes (21, 22) . To perform this function, ERAP1 and ERAP2 have to demonstrate significant permissiveness in substrate recognition. Still, their effects on the cellular antigenic peptide repertoire as well as in vitro studies have suggested that they possess at least some sequence selectivity (23) (24) (25) (26) (27) . The first crystal structures of ERAP1 and ERAP2 provided insight on this function (9, 28, 29) . Both enzymes form large internal cavities that are located adjacent to their catalytic site and can accommodate large peptides. Interestingly, in the only known conformation of ERAP2 and in one of the two known conformations of ERAP1, this cavity has no access to the external solvent, suggesting obligatory conformational changes so that substrate exchange can take place (9, 29, 30) . Indeed, ERAP1 has also been crystallized in a more open conformation in which the internal cavity has direct access to the solvent (28) . This conformation has also been speculated for ERAP2 and is expected to facilitate substrate capture and product release (31) . Overall, although this internal cavity has been hypothesized to be the binding site for antigenic peptide precursors, the exact mechanisms as well as the structural determinants that underlie substrate recognition and selection remain unclear.
To provide insight on how ERAP2 recognizes epitope precursors, we solved the molecular structures of ERAP2 in complex with a 10-mer substrate analogue and a 9-mer antigenic epitope as well as the ligand-free "apoERAP2" structure. Based on structural and biochemical analysis, we propose a limitedselectivity model for antigenic peptide precursor trimming by ERAP2. According to this model, the peptide is first captured in the enzyme's internal cavity. Inside this limited space, favorable and unfavorable interactions between peptide-side chains with shallow pockets or individual residues lining the cavity stabilize the peptide and cumulatively determine trimming rates. This model can explain experimental observations on the function of both ERAP1 and ERAP2 and accounts both for permissiveness for different substrates as well as for some bias in the sequence of generated antigenic epitopes that may contribute to the generation of complex immunopeptidomes.
Experimental Procedures
Synthetic Peptides-All peptides were purchased from JPT peptide technologies GmbH (Berlin, Germany) and were at Ͼ95% purity as judged by reverse-phase HPLC (chromolith C-18 column, Merck). The synthesis and characterization of the DG025 has been described before (32) .
Protein Expression and Purification-The expression and purification of recombinant ERAP2 from insect cells has been described before (8, 9) . Briefly, ERAP2 was isolated from the supernatant of Hi5 cells (derived from the parental Trichoplusia ni cell line, Invitrogen) after infection with recombinant baculovirus harboring the erap2 gene. The supernatant was dialyzed extensively against 10 mM sodium phosphate buffer, pH 8.0, 100 mM NaCl. The dialysate composition was adjusted to 50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 10 mM imidazole and incubated under gentle stirring with nickel-nitrilotriacetic acid (Ni-NTA)-agarose slurry (Bio-Rad). The enzyme was eluted from the Ni-NTA column by washing with increasing concentrations of imidazole-containing buffer. For crystallization, the enzyme was further purified by size-exclusion chromatography using a Sephadex S-200 column equilibrated with 10 mM Hepes buffer, pH 7.0, 100 mM NaCl. During all steps of the purification, enzyme purity was estimated by SDS-PAGE and activity by the L-arginine-7-amido-4-methylcoumarine assay (8) .
Enzymatic Assays-Enzymatic activity was followed by the hydrolysis of the model fluorigenic substrate the L-arginine-7-amido-4-methylcoumarine as previously described (8) . Measurements were performed on a TECAN infinite M200 microplate fluorescence reader and on a QuantaMaster 4 spectrofluorimeter (Photon Technology International, Birmingham, NJ). For analysis of the trimming rates of model peptides (alanine scan), 20 M concentrations of peptide were incubated with 5 nM ERAP2 in 50 mM Hepes, pH 7.0, 100 mM NaCl for 15 min at room temperature, and the reaction was stopped by flash-freezing. Trimming products were analyzed by reverse-phase HPLC on a chromolith C-18 column (Merck) equilibrated in 10 mM sodium phosphate buffer, pH 6.8, and 10% acetonitrile using a 10 -50% acetonitrile gradient. Elution was monitored at 257 nm. The area under the peak corresponding to each substrate was integrated and used to calculate the trimming rate. For the LG n L series of peptides, 20 M concentrations of each peptide were incubated with 250 nM ERAP2 at 37°C for 2 h in 50 mM Hepes, pH 7.0, 100 mM NaCl. Reactions were terminated with the addition of 0.25% (v/v) trifluoroacetic acid (TFA). The reactions were analyzed by reverse-phase HPLC on a chromolith C-18 column equilibrated with 0.05% TFA, 10% acetonitrile using a linear gradient to 40% acetonitrile.
Crystallization, Data Collection, and Structure Determination-ERAP2 was crystallized using conditions very similar to those previously reported (9, 33, 34) adapted from conditions found in the Morpheus protein crystallization screen (Molecular Dimensions Ltd. and Ref. 35 ) using the vapor diffusion hanging drop technique.
ApoERAP2-Purified ERAP2 was incubated at 4°C with 10 mM EDTA for 12-16 h before crystallization. The crystal used for data collection was obtained at 4°C by mixing 1 l of ERAP2 stock solution (6 mg/ml protein in 150 mM sodium chloride and 25 mM HEPES at pH 7.0) with 1 l of reservoir condition (7% (w/v) PEG of mean M r 8000, 20% (v/v) ethylene glycol, 69 mM MES, and 31 mM imidazole at pH 6.5). X-ray diffraction data were collected at 100 K using synchrotron radiation at the X06DA beamline (Swiss Light Source, Paul Scherrer Institut, Villigen, Switzerland). Diffraction data up to 3.02 Å resolution were processed with MOSFLM and scaled with the SCALA software (36, 37) . Five percent of reflections were flagged for R free calculations. The crystal was isomorphous with previously obtained ERAP2 crystals, belonging to space group P2 1 with a ϭ 74.6 Å, b ϭ 135.2 Å, c ϭ 126.5 Å, and ␤ ϭ 90.7°. The structure, containing two molecules per asymmetric unit, was determined by molecular replacement using the ERAP2 coordinates (Protein Data Bank ID 4E36). The PHENIX suite (38) was used for structure refinement, imposing 2-fold non-crystallographic symmetry restraints. Alternating cycles of restrained refinement and manual fitting/building with Coot (39) followed by optimization with PDB_REDO (40) resulted in an R factor and R free of 21.27% and 26.57%, respectively. Besides the two crystallographically independent protein molecules, the asymmetric unit included a total of 20 sugar residues and 193 water molecules. There was no assignable density before residue 54 of chain A and residue 55 of chain B. Also missing are residues 127-129, 503-527, and 572-580 of chain A and 128 -131, 503-531, and 571-582 of chain B.
ERAP2 Complexed with Peptide GPI-To generate the complex, the purified protein (6 mg/ml in 150 mM sodium chloride and 25 mM HEPES at pH 7.0) was incubated with 450 M GPI for 1 h at room temperature. The crystal used for data collection was obtained at 4°C by mixing 1 l of complexed protein solution with 1 l of reservoir condition (7% (w/v) PEG of mean M r 8000, 20%(v/v) ethylene glycol, 59 mM MES, and 41 mM imidazole at pH 6.3). Data collection up to 2.73 Å resolution, processing, and refinement were performed as described for apo-ERAP2. The crystal was isomorphous with previously obtained ERAP2 crystals, belonging to space group P2 1 with a ϭ 75.6 Å, b ϭ 135.4 Å, c ϭ 128.2 Å, and ␤ ϭ 90.2°. Alternating cycles of restrained refinement with PHENIX suite and manual fitting/ building with Coot were performed, reaching an R factor and R free of 22.28% and 28.59%, respectively. Besides the two crystallographically independent protein molecules, the asymmetric unit includes a total of 29 sugar residues and 102 water molecules. There was no assignable density before residue 54 of chain A and chain B. Also missing are residues 503-514 of chain A and 503-531 of chain B.
ERAP2 Complexed with Peptide Analogue DG025-Purified ERAP2 (1 mg/ml in 150 mM sodium chloride and 25 mM HEPES at pH 7.0) was incubated with 80 M DG025 ligand for 1 h at room temperature, and then the mixture was concentrated at 4°C to 6 mg/ml using a Centricon-10. The crystal used for data collection was obtained at 4°C by mixing 1 l of complexed protein solution with 1 l of reservoir condition (6%(w/v) PEG of mean M r 8000, 25%(v/v) ethylene glycol, 59 mM MES, and 41 mM imidazole at pH 6.3). The drop was incubated for 7.5 h over that reservoir and then transferred over a reservoir at lower PEG concentration (4% (w/v)) for slow growth, as described in Saridakis and Chayen (41) . Data collection up to 2.5 Å resolution, processing, and refinement were performed as described above. This crystal was also isomorphous with the above, belonging to space group P2 1 with a ϭ 75.4 Å, b ϭ 134.4 Å, c ϭ 129.0 Å, and ␤ ϭ 90.5°. The structure, containing two molecules per asymmetric unit (chains A and C), was determined by molecular replacement using the ERAP2 coordinates (Protein Data Bank ID 4E36). Alternating cycles of restrained refinement and manual fitting/building with Coot were performed, reaching an R factor and R free of 19.81% and 25.80%, respectively. Besides the two crystallographically independent protein molecules, the asymmetric unit includes a total of 27 sugar residues and 403 water molecules. There was no assignable density before residue 54. Also missing are residues 502-528 of chain C.
Results

Structures of ApoERAP2 and ERAP2 with Bound Peptide
Ligands-To gain insight onto peptide recognition by ERAP2, we co-crystallized ERAP2 with the transition-state peptide analogue DG025 (hPhe-⌿{PO 2 CH 2 }-LKHHAFSFK-NH 2 , where hPhe stands for homophenylalanine and for the pseudopeptide bond) that is designed as a model precursor based on the antigenic epitope SRHHAFSFR from the aggrecan protein normally presented by the HLA-B*27:05 MHC class I allele. We also crystallized ERAP2 with the antigenic epitope GPI (full sequence GPGRAFVTI), which is derived from the env protein of the HIV 1 IIIB. The GPI peptide has been reported to be a trimming product of ERAP2, and its precursor peptide sequence RGPGRAFVTI has been reported to be presented by HLA-A2.1 and to induce immune responses (6, 42) . The structures were determined to 2.5 and 2.73 Å, respectively ( Table 1) . The phosphinic group in DG025 mimics the transition state analogue formed during peptidic bond cleavage by zinc aminopeptidases, and as a result DG025 acts as a potent inhibitor with an IC 50 of 26 nM (Fig. 1) . In contrast, the GPI peptide has been shown to require ERAP2 to be produced in vitro by an N-terminally extended precursor (6, 43) and, therefore, constitutes a product of ERAP2. Finally, to better understand any conformational rearrangements that occur upon ligand binding we generated an apoERAP2 form in which the Zn(II) atom at the catalytic site was removed by incubating the enzyme with EDTA. This apoERAP2 was crystallized and its structure solved at 3.0 Å and found to be devoid of electron density at the catalytic site (Table 1) . Strikingly, catalytic site residues, including residues that normally chelate the Zn(II) atom and residues that stabilize the N terminus of the peptide-ligand, were found in positions identical to previously determined structures of ERAP2 obtained with bound ligands in the active site (9, 33) .
Peptides Are Captured in the Internal Cavity with No Direct Access to the External Solvent-All three molecular structures were found in a near-identical configuration to the previously determined ERAP2 structures and correspond to a closed conformation in which the catalytic center of the enzyme is located adjacent to a large internal cavity that has no direct access to the external solvent (9, 33, 34) . This conformation is very similar to one of the available structures of ERAP1 (PDB code 2YD0), although ERAP1 has also been crystallized in an open conformation ( Fig. 2) (28, 29) . The peptidic ligands DG025 and GPI were found trapped inside this cavity with their N terminus positioned at the catalytic center in a canonical orientation as would be expected for catalysis (Fig. 2) . The N-terminal moiety of both peptides primarily interacts with residues in domain II of the enzyme. As the peptide extends away from the active site, however, it makes further interactions with residues from domain IV (Figs. 2 and 3 ). All 10 residues of DG025 could be built based on available electron density with good confidence (Fig. 3A) . The same was not the case for GPI as from the nine residues in that peptide GPI only six have been accounted for due to progressive weakening of the electron density moving from the N terminus to the C terminus (Fig. 3B) . We interpret this as progressive disorder of the peptide presumably reflecting the weak affinity of this product of enzymatic catalysis (Fig.  1) . In both cases, there is no apparent opening in the internal cavity of ERAP2 to allow for peptide binding and release, and we, therefore, conclude that both peptides were sequestered by a more open conformation of ERAP2, perhaps similar to the known open conformation of ERAP1 (28, 29) .
Interactions between the Peptide Side Chains and ERAP2-
The peptide side chains were found to make several interactions with side chains of ERAP2 lining the internal cavity that could be contributing in the stabilization of the binding (Fig.  4A) . hPhe-1 of DG025 abuts on the hydrophobic S1 specificity pocket making stacking interactions with Phe-450 as previously described for a phosphinic pseudopeptide inhibitor (33) . Lys-3 and His-4 were found inserted in a hydrophobic pocket between Tyr-455 and Tyr-892, possibly stabilized by stacking interactions between His-4 and these two aromatic residues (44) . His-5 abuts to Arg-345 and Phe-7 abuts to Trp-364 in configurations that imply stabilizing -stacking interactions. Phe-9 was found buried in a hydrophobic pocket formed by Leu-858 and Leu-825 in its bottom and Asn-854 and Asn-822 at its entrance. Finally, the aliphatic part of Lys-10 interacts with the phenyl ring of Tyr-826, and its free amine faces away from Lys-756 and Lys-792 presumably due to electrostatic repulsive forces. Interestingly, the Lys10 side chain has a slightly different orientation in the other monomer of the crystallographic ERAP2 dimer, approaching Tyr-416 within hydrogen-bonding distance.
Two side chains of GPI make clear interactions with cavity residues (Fig. 4B) . Arg-4 is located in between Tyr-455 and Tyr-892, and Phe-7 makes -stacking interactions with Trp-364. Similar interactions are observed also in the ERAP2-DG025 structure, suggesting conservation on the use of specificity pockets. Interestingly, based on the electron density interpreted to belong to GPI, two distinct backbone configurations were built for this peptide around residues 3 and 4, which, however, position Arg-4 in the same pocket (between Tyr-455 and Tyr-892). This finding implies some conformational heterogeneity for GPI, which is also consistent with the lack of electron density for the C-terminal moiety of the peptide. Overall, the substrate analogue DG025 was found to be well ordered throughout the sequence and to make several interactions with pockets in the ERAP2 internal cavity. In contrast, the product GPI was found to be partially disordered and to make fewer interactions, possibly consistent with the weaker recognition of a product of catalysis that needs to be released before the next catalytic cycle. Interestingly, both peptides utilize the pocket between Tyr-455 and Tyr-892 as an S3Ј specificity pocket. In contrast, in a previously reported molecular structure of ERAP2 with an inhibitor, the pocket between Tyr-455 and Tyr-892 was utilized by the third residue of the pseudopeptide inhibitor, thus constituting the S2Ј specificity pocket of the enzyme. This suggests that depending on the peptide sequence, the substrate conformation can vary, leading to different binding registers for different peptides.
Conformational Changes upon Ligand Binding-Comparison of the apoERAP2 structure to the ERAP2-DG025 and ERAP2-GPI complexes revealed two main structural reconfigurations related to ligand binding: (a) re-orientation of the side chain of the catalytic center Tyr-455 and (b) a lateral displacement of the 444 -454 strand that contains the residue Phe-450 that helps define the S1 pocket of the enzyme. These changes are described in detail below.
ERAP2 contains a catalytic Tyr residue (Tyr-455) that can stabilize the transition state during catalysis (9) . The equivalent residue in ERAP1, Tyr-435, has been suggested to be part of a structural switch that regulates the enzymatic activity of open and closed conformation states (28) . In previously analyzed structures of ERAP2, Tyr-455 was found in a configuration identical to the one found in the closed conformation of ERAP1, consistent with the overall closed conformation of ERAP2 (9, 33, 34) . This finding supported the hypothesis that the configuration of Tyr-455 is linked to the overall conformation of the enzyme and is part of a conformational switch that limits the activity of open conformations. Comparing our three structures to known structures of ERAP1 and ERAP2, we find that Tyr-455 is oriented toward the active site in both structures with peptides (DG025 and GPI) consistent with an active enzyme. In contrast, in the apoERAP2 structure (to our knowledge the first ERAP2 structure obtained devoid of any ligand in the active site), Tyr-455 is oriented away from the zinc atom and has a configuration closer to that of the equivalent Tyr found in the inactive conformation of ERAP1 (Fig. 5A) . This finding suggests that in ERAP2 the orientation of the catalytic Tyr-455 depends on the presence of ligand and not only on the overall protein conformation as suggested for the equivalent residue in ERAP1. Whether the link between the orientation of this residue and the overall protein conformation is a unique characteristic of ERAP1 that is missing in ERAP2 cannot be determined at this point as we lack structural information for open conformations of ERAP2.
Phe-450 is a conserved residue in the oxytocinase subfamily of M1 aminopeptidases and lines the side of the S1 specificity pocket, making important interactions with substrates (8, 33) . Aligning all known ERAP2 structures revealed that the strand between residues 444 and 454 is shifted in the apoERAP2 structure compared with the ligand-containing ERAP2 structures (Fig. 5B) . This conformational adjustment appears to define a limited induced fit that helps better accommodate the substrate. Interestingly, the equivalent residue (Phe-450) and surrounding region is disordered in the open conformations of ERAP1 and considered to be a key component of the active conformation of that enzyme (28, 29) . The finding that this region is responsive to ligand binding in ERAP2 suggests that it may be a conserved ligand recognition feature in this family of aminopeptidases.
Comparison of Peptide Configuration in ERAP2 and IRAP-IRAP is a highly homologous enzyme to ERAP2 (50% sequence identity) that specializes in generating antigenic peptides for cross-presentation by dendritic cells. We recently determined the crystal structure of IRAP in the presence and absence of the peptide analogue DG025 (32) . In those structures, IRAP was found in a semi-closed conformation in between the known conformations of ERAP1 and ERAP2. Similar to the ERAP2-DG025 structure presented here, the DG025 peptide was found to extend away from the catalytic center of IRAP, toward the distal end of the internal cavity and make interactions with both domains II and IV. To gain insight on how the same peptide may be recognized by these two aminopeptidases, we compared the configuration of DG025 after aligning the catalytic centers of the two enzymes (Fig. 6) . The configuration of the peptide was near-identical for the first two residues (hPhe-⌿{PO 2 CH 2 }-Leu, where hPhe stands for homophenylalanine and for the pseudopeptide bond) consistent with the canonical orientation required for the scissile bond and adjacent amino acids in order to promote catalysis. Moving toward the C terminus, however, the conformation of DG025 in the two structures is different both in backbone orientation and sidechain interactions with the enzyme. Specifically, in the IRAP structure, His-4 points to the opposite direction compared with His-4 in the ERAP2 structure, presumably due to the lack of the Tyr 455/Tyr-892 pocket in IRAP. Furthermore, the last four amino acids were found in a completely different orientation in the two enzymes. In ERAP2, the peptide adopts an extended configuration, whereas in IRAP it makes a sharp turn after residue 5, and it is lodged between domains II and IV. Interestingly, the interactions between the peptide and IRAP appear less specific and are dominated by general shape complementarity, whereas in ERAP2 some specific side-chain/pocket interactions are visible. This is exemplified by the position of the side chain of Phe-9; no density for this side chain was visible in IRAP, whereas this side chain was well ordered in ERAP2 located within a hydrophobic pocket of the cavity. This phenomenon may be in part due to the more open conformation of IRAP compared with the closed conformation of ERAP2. By comparing these two structures we conclude that although the peptide N terminus configuration is highly limited by restrictions imposed by the catalytic site, the C-terminal moiety of the peptide is free to explore the shape and physicochemical characteristics of the internal cavity of the enzyme to find the best available interactions.
Effects of Side-chain Interactions on Rate of Hydrolysis-The nature of interactions between the side chains of DG025 and ERAP2 suggest that they can affect peptide binding and as a result the rate of hydrolysis of the N-terminal residue. To further explore this, we determined the rate of hydrolysis of model peptides based on the DG025 sequence in which each residue that made a significant interaction in the ERAP2-DG025 structure was individually mutated to an alanine, allowing us to estimate the effect of the particular side chain to the trimming rate of the N-terminal amino acid (Fig. 7) . Interestingly, this alanine scanning revealed that each of the substituted side chains had distinct effects on trimming rates. Specifically, substitution of residues Phe-7 and Phe-9 resulted in significantly lower trimming rates, consistent with a positive role in peptide recognition as suggested by the nature and extent of interactions with the ERAP2 internal cavity (refer to Fig. 4A ). In contrast, substitution of His-4 and Lys-10 with an alanine led to peptides that were trimmed faster, consistent with a negative impact of those side chains to substrate recognition. This is largely consistent with our structural analysis as His-4 is located in a deep relatively hydrophobic pocket, and Lys-10 is located near two ERAP2 lysine residues that would be expected to make repulsive electrostatic interactions. Finally, substitution of His-5 had no effect, possibly representing a balance between the favorable stacking interactions with Arg-345 and the unfavorable electrostatic interactions with the same residue. Overall, the combination of structural and enzymatic analysis indicates that trimming rates are influenced by a balance of unfavorable and favorable interactions that are available to the peptide within the limited space of the enzyme's internal cavity.
The Exon 10 Loop Is Structured and Contains a Disulfide
Bond-ERAP2 as well as ERAP1 are retained in the ER, although they do not possess any classical ER retention signal. As a result, it has been hypothesized that they are retained through the interaction with other ER resident proteins (4) . In ERAP1, a 23-amino acid sequence encoded by exon10 of the gene and predicted to be unstructured was initially implicated in that function (45) . Recently, Erp44, an ER resident protein disulfide isomerase, has been shown to retain ERAP1 inside the ER through the formation of a mixed disulfide bond with a cysteine residue in the exon 10 loop (46) . This interaction was shown to be important for regulating ERAP1 retention and secretion and in that context controlling blood pressure through angiotensin II cleavage (46) . ERAP2 also contains a loop at that location in the structure that may have the same function as in ERAP1. Strikingly, although at least 7 crystal structures of ERAP1 and ERAP2 have been published, this exon 10 loop was not visible in any of them and has been considered disordered. To our surprise, this loop was clearly visible in one monomer of the ERAP2-DG025 structure (Fig. 8) . This may be due to the higher resolution of this crystal structure. The loop forms an appendix extending from helix 8 of domain II of ERAP2 and is stabilized through a disulfide bond between Cys-503 and Cys-514. The loop is stabilized in the crystal by another ERAP2 monomer in the lattice. The most prominent interaction involves Met-520 that inserts into a hydrophobic pocket between helix7 and helix8 of an adjacent ERAP2 molecule in the crystal. Because a solvent-accessible disulfide bond stabilizes this loop, it is possible that its structural integrity is regulated by the redox potential of the solvent or interactions with disulfide isomerases. Indeed, although the exon 10 sequence is not conserved in ERAP1 (Fig. 8) the positions of the two cysteine residues are highly similar, suggesting that a similar disulfide bond may be forming in ERAP1. The configuration of this loop may be a structural template that facilitates interactions between ERAP2 or ERAP1 and other proteins in the ER in order to regulate retention and extracellular functions in the context of blood pressure regulation or innate immune responses (46, 47) .
ERAP2 Does Not Clearly Recognize the C Terminus of the Peptide and Has Mechanistic
Differences from ERAP1-It has been previously proposed that ERAP1 displays a preference for longer peptides by utilizing an allosteric self-regulatory site that recognizes the peptide C terminus (28, 48) . This site was later proposed to lie within domain IV of the enzyme (49). Inspection of either the ERAP2-DG025 or ERAP2-GPI structure, however, revealed no strong interactions between ERAP2 and the C terminus of the peptide. This prompted us to investigate whether ERAP2 displays different properties compared with ERAP1 in terms of peptide recognition. We first evaluated the length selection of ERAP2 using a series of peptides of length between 5 and 12 amino acids that carry the motif LG n L where n ϭ 3-12. This series has been used before to demonstrate the length selection of ERAP1 in a sequence-unbiased manner (28, 30) . ERAP2 displayed the fastest kinetics for 7-mer peptides and a reduced trimming rate for peptides larger than 10 amino acids (Fig. 9 ). This is in sharp contrast to the motif observed for ERAP1 that showed faster trimming for peptides longer than 10 amino acids (28) . This finding indicates a major mechanistic difference between ERAP1 and ERAP2 and suggests that ERAP2 may be better suited for antigenic peptide destruction rather than generation. Still, because MHC class I binding can protect antigenic peptides from over-trimming and ERAP2 still has appreciable activity for long peptides, it is possible that even this length preference can contribute to the generation of some epitopes (50). In addition, we compared the ability of ERAP2 to be activated by peptides when trimming a small dipeptidic substrate. This property has been demonstrated for ERAP1 in the context of self-activation for larger peptides (27, 28) . We tested two peptides previously shown to activate ERAP1: the ovalbumin epitope SIINFEKL and the non-hydrolysable analogue L(NMe)VAFKARAF (28) . Both peptides activated ERAP1 but failed to show any activation and rather showed inhibition of ERAP2 (Fig. 9) . Because SIINFEKL is a product of antigenic peptide precursor trimming and L(N-Me)VAFKARAF is a non-hydrolysable product, inhibition is the expected behavior due to competition with the substrate for the same catalytic site. Lack of activation for ERAP2 indicates that the allosteric activation mechanism proposed for ERAP1 is absent in ERAP2. This is consistent with lack of specific recognition of the peptide C terminus. These mechanistic differences between ERAP1 and ERAP2 may have to be evaluated in the context of distinct biological roles in antigen processing.
Discussion
ER aminopeptidases that trim antigenic peptide precursors have to deal with two aspects of substrate recognition that differentiate them from other aminopeptidases. First, they have to be able to effectively process long peptides. Second, they have to be able to process thousands of different peptide sequences. At the same time the peptide trimming activity in the ER has to be restricted, otherwise all potential antigenic epitopes may be destroyed. This may be in sharp contrast to the cytosol, where aminopeptidases can completely degrade peptides for recycling or other metabolic reasons.
The structural and enzymatic analyses described here suggest a possible mechanism used by ERAP2 to achieve this function. The enzyme contains a large cavity adjacent to the catalytic center that can accommodate large peptides. The first two amino acids of the peptide can occupy the catalytic site in canonical orientation, and the remaining amino acids can extend throughout this cavity making opportunistic interactions with pockets and side chains along the internal lining of the cavity. As a result, the exact configuration of the peptide may depend on its sequence and the propensity of its amino acids to interact with residues in the cavity. The substrate affinity will depend on the efficacy of those interactions. Some sequence bias may exist, but plenty of opportunities exist to accommodate many peptide lengths and sequences. In this manner the enzyme achieves permissiveness while retaining some selectivity. Interestingly, our enzymatic analysis suggests that some interactions may actually confer a negative effect on trimming rates, and thus the requirement for correct N terminus positioning may override optimal side-chain accommodation for the remaining of the peptide. Although this model of substrate recognition well serves the biological function of this enzyme, it makes defining clear sequence-preference motifs difficult until all the major interactions between putative substrates and the internal cavity are mapped with accuracy.
All ERAP2 structures have been found in a closed conformation in which the cavity and catalytic site have no direct access to the external solvent, making substrate capture and product release impossible without a major conformational change. The homologous ERAP1 has, however, been crystallized in open conformations (28, 29) that should also be accessible to ERAP2. Such conformational changes would be necessary for isolating the peptide substrate and to allow for extensive interactions with specificity pockets in the cavity. This mechanism can enhance trimming of larger peptides, as after initial capture the entropic penalty for binding within the closed cavity may be smaller than for an exposed elongated cavity. Furthermore, the isolation of the catalytic site from the solvent could help limit the overall aminopeptidase activity in the ER and, therefore, limit antigen destruction.
It is possible that a similar trimming model applies for the homologous ERAP1, as it also carries a similar internal cavity adjacent to the catalytic center. The shape and physicochemical characteristics of the two cavities are, however, distinct, suggesting that they may confer different interactions with peptide substrates and, therefore, different selectivity (9) . Our analysis however, suggests that the two enzymes have additional differences in mechanism. Functional studies have suggested that ERAP1 has a preference for longer peptides (Ͼ9-mers) and can be activated by small peptides. These properties have been associated with the ERAP1 ability to recognize the C terminus of long peptides and self-activate (28) . Our own analysis of ERAP2, however, suggests that these two properties are not fully shared between the two enzymes. ERAP2 is not activated by peptides and prefers to trim 7-mers, whereas no structural evidence was found, pointing to peptide C terminus recognition. It is possible that mechanistic differences underlie a separate biological role. Indeed, ERAP2 has been proposed to act as a secondary, accessory aminopeptidase to the dominant trimming function of ERAP1. It is conceivable that ERAP2 may function in extending ERAP1 trimming to a wider array of sequences and perform over-trimming for epitope destruction. This observation may be especially relevant to efforts to translate immunology experiments from rodents to humans. Rodents do not express ERAP2, and therefore, it is possible that antigen generation in the ER is significantly different compared with humans.
Previous studies using the mouse homologue of ERAP1 (ERAAP) have suggested that ERAP1 may be able to trim antigenic peptides while bound onto MHC class I molecules (51, 52) . This model, by definition, shifts the burden of substrate selection to the MHC and away from ERAP1. At the same time it has been proposed the MHC class I binding can protect peptides from ERAP1 hydrolysis (50, 53) . Although no similar experiments have been performed for ERAP2, all known ERAP1 and ERAP2 structures, including the ones presented here, are not consistent with an "onto-MHC" peptide trimming model both due to the limited access to the catalytic site as well as the necessary topology of binding so that scissile bond catalysis can take place (31) . Still, ERAP1, and more recently IRAP (32) , have been crystallized in more open conformations, and long antigenic peptide precursors are known to weakly interact with MHC. As a result, such a model may be conceivable for some extended peptide precursors. Still, the structures presented here are largely sufficient to explain both the substrate permissiveness of ERAP2 as well as limited selectivity that could influence the antigenic peptide repertoire as observed in cellular and in vivo experiments. Length selection may also arise from competition between ERAP2 and the MHC for peptides depending on peptide affinity and binding kinetics for each binding site.
Our analysis of the ERAP2-DG025 structure revealed for the first time the structure of the sequence between helix7 and helix8, encoded by exon10 of the erap2 gene. Although initially predicted to be unstructured, the ERAP2-DG025 structure described here suggests that this region can fold as an extension of helix8 and be stabilized by a disulfide bond. The equivalent region in ERAP1 has been linked to interactions with the disulfide isomerase ERp44 and it has been suggested that this interaction is part of a mechanism that regulates ERAP1 secretion and blood pressure regulation (46) . If this region folds similarly in ERAP1, then the structure depicted in Fig. 8 may constitute a template for protein-protein interactions between ERAPs and other ER proteins or between ERAP1 and ERAP2 themselves. Indeed ERAP1 and ERAP2 have been suggested to operate in cooperation by forming a functional dimer whose structure has remained elusive until now (6) .
In summary, our results provide a structural framework for understanding peptide-substrate selectivity by ERAP2 and can help explain both the observed permissiveness for fundamentally different peptide sequences as well as preferences between sequences. Our conclusions may also extend to ERAP1, although the observed mechanistic differences between the two enzymes may support specialized biological roles. Further structural analysis of different sequence peptides in complex with ERAP1 and ERAP2 may be necessary to allow the generation of tools for the prediction of epitope precursor processing inside the ER.
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